There have been few studies evaluating the effect of bottom ash (BA) on immobilization of heavy metals and reducing their phytoavailability. Further, work has not been conducted to evaluate the effect of BA along with mature animal manure compost (CP) on immobilization of cadmium (Cd) in soil and phytoavailability of this metal in contaminated soil. Therefore, this study was conducted to determine the effect of application of BA and CP on Cd phytoextractability. To elucidate the mechanism of Cd immobilization with BA and CP, soil was mixed without BA and CP, with BA only, with CP only, and with BA and CP together in the incubation. Bottom ash was applied at rates of 0 and 30 Mg/ha under different application rates of CP (0 and 30 Mg/ha) 2 weeks before sowing lettuce (Lactuca sativa). Our first experiment clearly demonstrated that reduced extractability of Cd with addition of BA, CP, and BA ? CP was mainly the result of Cd adsorption by an increase in pH and negative charge of soil. Concentration of bioavailable Cd fraction (F1) effectively decreased with BA, CP, and BA ? CP from 1.33 mg Cd/kg in control to 0.98, 0.29, and 0.26 mg Cd/ kg, respectively. Applying BA and CP alone or together effectively reduced Cd uptake by lettuce. Concentration of Cd in lettuce decreased from 13.9 mg Cd/kg in control to 10.3 and 7.6 mg Cd/kg with application of BA and CP alone, respectively. However, applying BA with CP increased fresh lettuce yields more than BA applied alone. Therefore, combined application of BA and CP might be a good management practice in Cd contaminated arable soil from the view point of Cd phytoavailability and crop productivity.
Introduction
Cadmium (Cd) is highly toxic heavy metal reaching the food chain. Chemical immobilization is one of the promising remediation technologies to minimize the mobility of heavy metals in soils and availability of these for plant uptake [1] . Several studies have observed that Cd immobilization in soils and reducing phytoavailability of this metal could be attributed mainly to the following reactions: (1) formation of Cd in a variety of insoluble Cd minerals, such as CdCO 3 and Cd 3 (OH) 2 [2] [3] [4] ; (2) pHinduced Cd 2? adsorption to soil particles and humus [4] [5] [6] ; and (3) the formation of Cd-organic complex [4] . Therefore, the phytoavailability of Cd in soils is likely to be affected by change of soil pH, amending counter anions including CO 3 2-and OH -, and application of organic amendments.
Bottom ash (BA) is a byproduct generated from coal fired power plants. It is a relatively gritty, coarse, and porous material in contrast to fly ash, which consists of very fine particles. The chemical components of BA vary depending on the plant operation parameters, coal type, and source. Major constituents of BA include aluminum (Al), calcium (Ca), iron (Fe), potassium (K), magnesium (Mg), phosphorous (P), and silica (Si). Of these elements, Ca and Mg could act as a source to increase soil pH, thus reducing extractability of Cd through formation of insoluble Cd minerals such as CdCO 3 and Cd(OH) 2 . Others have reported that fly ash was effective in reducing heavy metals extractability and their uptake in plants in contaminated soil [7] [8] [9] [10] [11] . However, there have been few studies that have evaluated the effect of BA on immobilization of heavy metals and reducing their phytoavailability.
Mature animal manure compost (CP) consists mainly of complex carbon-containing compounds. These compounds have many negatively charged functional groups such as carboxyl (COOH) and hydroxide (OH) on their external surface. It has often been found that application of organic amendments to soil increased negatively charged sites for Cd adsorption in soils [5, 12] . In addition, organic amendments induced complexation of the heavy metals, thus reducing phytoavailability of these [1] .
Some studies have been conducted to determine the combined effect of BA and CP application as soil amendments on improving chemical properties of soil [13, 14] . The effect of applying BA together with CP on immobilization of Cd in soil and phytoavailability of this metal in contaminated soil has not been evaluated. Therefore, this study was conducted to determine the effect of applying BA and CP alone or together on (1) immobilization of Cd in incubation conditions and (2) uptake of Cd by plants under field conditions.
Materials and methods
Characteristics of soil, bottom ash, and compost A Cd contaminated arable soil was selected for this study and located nearby abandoned gold mine in western part of Gyeongnam Province, South Korea. In this soil, total Cd concentration was 7.1 mg/kg and exceeded the warning criteria value (4.0 mg/kg) for Cd in arable soil (Table 1) .
Bottom ash was obtained from the thermal power plant located at Hadong in South Korea. It was air-dried and sieved to \2 mm for chemical analysis and for the incubation experiment. Chemical composition of BA was measured by the energy-dispersive X-ray fluorescence method (BRUKER Model S8 TIGER, Germany). It was alkaline (pH 8.75) and contained very high concentrations of SiO 2 (50.9%), Al 2 O 3 (22.2%), Fe 2 O 3 (10.2%), CaO (7.82%), MgO (3.60%), SO 3 (1.09%), and TiO 2 (1.06%).
A mature compost composed of cow and swine manure was obtained from the composting facility located at the Pusan National University Experiment Farm. It was airdried for chemical analysis and for the incubation experiment; compost was slightly acidic (pH 6.24) and contained C (391 g/kg), N (21.5 g/kg), P (23.8 g/kg), and K (36.8 g/ kg). Specific characteristics of BA and CP used in this study are presented in Table 2 .
Incubation experiment
Surface soil was collected from the arable land indicated in the previous section, air-dried, and ground to pass through a 2-mm sieve. Five hundred gram of soil was mixed in a 500-mL plastic beaker with BA (3%, wt/wt) only, with CP (3%, wt/wt) only, and with BA (3%, wt/wt) and CP (3%, wt/wt) together. For the comparison, 500 g of soil was placed in the plastic beaker without BA and CP. Mixed soils were incubated in the dark condition at 25°C for 5 weeks. To give constant water content in soil, distilled water was added up to 70% of pore volume (bulk density was 1.35 g/cm 3 ), and water content was maintained by periodically weighing and adjusting the weight by addition of water. Beakers were randomly placed in a growth chamber, and treatments were conducted in triplicate; giving a total of 12 plastic beakers. After 5 weeks of incubation, beakers were taken out of the growth chamber, and soil was removed from the beakers and then air-dried for chemical analysis.
Field experiment
Bottom ash was applied at rates of 0 and 30 Mg/ha with either 0 or 30 Mg/ha CP 2 weeks before sowing. Experimental plots, 10 m 2 (2.5 9 4 m) in size, were arranged in a completely randomized block with three replications. Lettuce (Lactuca sativa) was sown by hand at 10 9 15 cm intervals on May 31, 2015, and harvested on July 4, 2015. Urea (20 kg/ha), fused phosphate (59 kg/ha), and K chloride (128 kg/ha) were applied to the entire area on May 30, 2015.
Chemical analysis
The pH of soil samples was measured with a pH meter (starter 3000, Ohaus, Parsippany, NJ, USA) from a 1:5 soil to water solution while the pH of BA and CP was done using a 1:5 solid to KCl solution. Organic matter content was measured using the Walkley and Black method [15] . Exchangeable Ca, Mg, K, Na, and Cd were extracted with 1 M NH 4 OAc (pH 7.0) at a soil: solution ratio of 1:5 for 1 h [16] . Available phosphorus (P) content was determined using the Lancaster method. Extracted metals were measured with ICP-OES (inductively coupling plasma optical emission spectroscopy, PerkinElmer model DV 4300, Shelton, CT, USA).
Electrical conductivity (EC) for BA was measured with an EC meter (starter 3000, Ohaus, USA) from a 1:5 soil to water solution. Total carbon content for BA and CP was determined using the combustion method [17] . Nitrogen (N), P, and K for BA and CP were measured as total elements. Solid samples were digested with sulfuric acid for total N and mixed with acid solution (H 2 O:H 2 SO 4 :HClO 4 , 1:5:9) for total P and K. Total N was measured using the Kjeldahl distillation method. Total P and K were measured with ICP-OES. The negative charge of soil was measured using 0.1 M NaCl following the ion retention method of Schofield [18] . Cadmium fractionation for Fraction 1 (F1; the exchangeable ? acidic fraction), Fraction 2 (F2; the reducible fraction), and Fraction 3 (F3; the oxidizable fraction) in soil samples was conducted using the BCR procedure [19] . The residue from F3 was digested with aqua regia (3:1, concentrated HCl:HNO 3 ) for the residual fraction (Fraction 4, F4). Total concentration of Cd was measured by digesting soil with aqua regia. After e ach sequential extraction, soil and supernatant solution was thoroughly separated by centrifugation at 605 9 g for 15 min. Then the supernatant solution was filtered through a 0.2-lm membrane filter.
Collected lettuce from the center of each plot (50 9 25 cm) at harvest time was weighed to determine fresh yield. Lettuce was washed with distilled water, ovendried at 70°C for 72 h, ground, and digested using a ternary solution (HNO 3 :H 2 SO 4 :HClO 4 , 10:1:4 v/v) for Cd analysis.
Quality assurance
Certified reference materials (BCR 701 for soil and SRM 1573a for plant) were analyzed following the above methods to validate experiment methods for the successive extraction and digestion method used in this study. Observed values for total concentration and each fraction concentration of Cd indicated over 92% recovery from the certified reference materials (Table 3) .
Cadmium was quantified by ICP-OES which has a very high accuracy with 0.003 mg/kg Cd detection limits for soil blank extracts and 0.005 mg/kg in blank digest solution.
Statistical analysis
Statistical analysis was performed with the SAS package version 9.4 [20] . Cadmium fractions, soil pH, negative charge, 1 M NH 4 OAc extractable Cd concentration, Cd concentration in lettuce, and lettuce yield were analyzed by analysis of variance using PROC ANOVA in SAS. A least significance difference was used to separate mean effects when the appropriate F test was significant (p = 0.05).
Results and discussion

Incubation experiment
Fractionation of heavy metal in soil using successive extraction method has often been used to determine the mobility and availability of heavy metals for plant in contaminated soils [21, 22] . Plants take up their nutrients mainly from the soluble and exchangeable fractions [1] . Past studies have reported that bioavailable Cd fractions were significantly related to Cd uptake by plant [21] [22] [23] [24] [25] [26] . Four Cd fractions applied in this study have different bioavailability, chemical forms, and ways of binding [21, 22, [26] [27] [28] [29] . Most of the Cd in the studied soil was in the reducible (Fe, Mn oxide bound form; F2, 40.6% of total Cd) and oxidizable (organic matter bound form; F3, 23.3% of total Cd). About 18% of the total Cd was in available forms (exchangeable ? acidic fraction; F1) ( Table 1) .
Cadmium fractionation was conducted to determine the effect of BA and CP addition on extractability of Cd in soil. Compared with the control, applying BA alone decreased [39] by 26 and 14% in concentrations of F1 and F2 with corresponding increases by 7 and 3% in fractions F3 and F4, respectively (Table 4) . This was similar to observations made by Stouraiti et al. [30] who reported that exchangeable Cd fraction in soil decreased with addition of fly ash. They reported that the decrease in bioavailable Cd was associated with the increase of pH and Cd adsorption on the Fe oxides and hydroxides. Change of negative charge of soil induced by pH with addition of BA might be one important factor impacting distribution of the Cd fraction. Some studies reported that addition of liming materials increased pH-induced negative charge of soil with a concomitant reduction in bioavailable Cd [5, 6, 31] . As shown in Fig. 1 , pH and negative charge of soil significantly increased with addition of BA. It has been established that combustion by-products such as BA contain substantial amounts of CaO and MgO [32, 33] . Increase in pH and negative charge of soil with BA addition might be caused by liming ability of the oxides inherently present in the BA used in this study ( Table 2) .
Application of CP alone was more effective at decreasing the bioavailable Cd than that of BA ( Table 4 ). The concentration of F1 and F2 fractions markedly decreased by 78 and 59% with addition of CP, respectively, with a corresponding increase by 88% in F3. This was similar to observations made by Bolan et al. [5] who reported that the concentration of the soluble and exchangeable Cd fraction decreased with the application of biosolid compost but the concentration of the organicbound Cd fraction in soil increased. In general, CP contains large amounts of humus. The external surface of humus has many negatively charged functional groups, such as carboxyl (COO -) and hydroxyl (OH -), which caused deprotonation from soil solution. It is well known that humus generally has greater surface charge than the soil mineral component. For example, the negative charge of humus is about 100-300 cmol c /kg but that of variable charge clay mineral such as kaolinite is about 3-15 cmol c /kg [34] . This unique chemical property of CP could result in increase in pH and negative charge of soil. As shown in Fig. 1 , the pH and negative charge of soil increased more with addition of CP compared with BA.
Application of a mixture of BA and CP decreased F1 and F2 concentrations more effectively than either BA or CP alone (Table 4) . Concentrations of F1 and F2 decreased by 80 and 69% with BA ? CP, respectively. The BA/CP mixture increased soil pH and negative charge more than BA (Fig. 1) . However, the mixture did not significantly decrease F1 concentrations compared with CP alone. This might be attributed to changes in pH and negative charge of soil. The pH and negative charge of soil with the BA/CP mixture was numerically higher than with CP alone, but the differences were not significant. This was further evident by negative relationships between the Cd fractions F1 and F2 and both soil pH and negative charge of soil (Table 5) . On the other hand, Cd fractions F3 and F4 were positively related to pH and negative charge of soil, implying a transition of Cd fractions away from mobile to immobile and thus less bioavailable fractions with addition of BA, CP, and BA/CP. This is similar to results reported by others for both Cd and other metals in the application of amendments such as phosphate [21] and lime [6, 31] .
In high soil pH conditions, Cd is likely to be present in insoluble mineral forms. Soil pH above 10 is favorable for precipitation of Cd as Cd(OH) 2 [4] , and as CdCO 3 at a CO 2 level of 0.003 atm or higher when the pH is greater than 9.0 [2] . The highest soil pH observed in this study was 6.94, after application of the BA/CP mixture ( Fig. 1(A) ), implying that it is hard to form Cd(OH) 2 and CdCO 3 by combined addition of both materials. The Cd activity diagram showed that all soil solutions to which BA, CP, and BA ? CP had been added were undersaturated with respect to CdCO 3 and Cd(OH) 2 , and soil-Cd might control Cd activity after addition of BA, CP, and BA/CP (Fig. 2) . This indicated that reduction of Cd extractability with BA, CP, and BA/CP might be attributed to Cd adsorption induced by increase in pH and negative charge of soil rather than precipitation of Cd as Cd minerals such as CdCO 3 and Cd(OH) 2 .
Field experiment
Concentration of 1 M NH 4 OAc extractable Cd, which is the plant-available form [35] , was measured to evaluate Cd extractability in soil to which BA, CP, and BA/CP were applied in field conditions. The concentration of 1 M NH 4 OAc extractable Cd decreased slightly by 1.4% with a single application of BA, while applying CP and BA ? CP resulted in a much greater decrease by 10.8 and 13.8%, respectively ( Fig. 3(A) ). The order of 1 M NH 4 OAc extractable Cd concentration, from highest to lowest, was Control [ BA [ CP [ BA ? CP. A similar order was noted for the concentration of the F1 fraction in the incubation experiment (Table 4) . Therefore, changes in Cd extractability with application of BA, CP, and BA ? CP are mainly attributed to an increase in pH and negative charge of soil as mentioned the above. The concentration of 1 M NH 4 OAc extractable Cd with application of BA ? CP was much lower than that with BA alone. However, it was not significantly lower than CP alone. This result implied that the effect of a combined application of BA and CP in reducing Cd extractability might be pri- when compared with the control, respectively. Cd concentration in lettuce was numerically lowest with application of BA ? CP, but it was not significantly different from single applications of either BA or CP ( Fig. 1(B) ). The reason why combined application of BA and CP did not have additional benefit might be due to a double characteristic of CP. Humus contained in CP has many negatively charged functional groups on its external surface and can adsorb positively charged Cd. This could decrease uptake of this metal by plant roots. Some studies have reported that application of organic amendment decreased bioavailable Cd concentration in soil and subsequently reduced its phytoavailability [5, 36] . However, dissolved organic carbon (DOC) originating from CP may form Cd-DOC complex with free Cd 2? . This Cd-DOC complex has higher solubility than free Cd 2? and is more easily taken up by plant roots [37] . Therefore, elevated availability of Cd through formation of Cd-DOC complexes might reduce the effect of CP application in reducing Cd uptake in lettuce.
Bottom ash can contain various elements such as As, Al, Cu, Cd, Fe, Mn, Ni, Na, Pb, Zn, and Ti depending on the coal type, source, and plant operation parameter [38] . Excessive input of these elements to soil could adversely affect plant growth, although some of these metals are essential element for plant growth and reproduction. Application of BA did not induce any visible toxicity symptoms in lettuce during the growing season. BA tended to increase fresh lettuce yields compared to the control, but the yield differences were not significant (Fig. 3(C) ). A BA/CP mixture significantly increased fresh yield of lettuce when compared with control. However, fresh yield of lettuce with BA/CP was not significantly different from that of single application of CP. Improvement of productivity of lettuce with application of BA, CP, and BA ? CP might be related to the additional supply of plant nutrients such N, P, K, Ca, and Mg that are contained in both BA and CP (Table 2) . Several studies have examined combined application of BA and compost, and there is evidence that blending BA and composts could improve the chemical and physical properties of soil and increase plant growth [13, 14] . In this study, this was also evident by changes in chemical properties of soil amended with BA, CP, and Table 6 , a single application of BA increased total nitrogen concentration in soil but did not improve other chemical properties of soil. However, CP and BA ? CP significantly increased pH, total nitrogen, available P, and exchangeable cations (K, Ca, and Mg) in the soil. Our first experiment clearly demonstrated that reduced extractability of Cd with addition of BA, CP, and BA ? CP was mainly the result of Cd adsorption by an increase in pH and negative charge of soil. Concentration of bioavailable Cd fraction (F1) effectively decreased with BA, CP, and BA ? CP from 1.33 mg Cd/kg in control to 0.98, 0.29, and 0.26 mg Cd/kg, respectively. Applying BA and CP alone or together effectively reduced Cd uptake by lettuce. Concentration of Cd in lettuce decreased from 13.9 mg Cd/kg in control to 10.3 and 7.6 mg Cd/kg with application of BA and CP alone, respectively. However, applying BA with CP increased fresh lettuce yields more than BA applied alone. Therefore, combined application of BA and CP might be a good management practice in Cd contaminated arable soil from the view point of Cd phytoavailability and crop productivity. 
